Introduction {#s0010}
============

![](icon01-9780702039355.gif) Access the complete reference list online at <http://www.expertconsult.com> *The impact of vaccination on the health of the world\'s peoples is hard to exaggerate. With the exception of safe water, no other modality, not even antibiotics, has had such a major effect on mortality reduction and population growth (Stanley Plotkin, vaccinologist, 1999).*

As elegantly stated by Stanley Plotkin, vaccination is probably the most effective public health intervention of all time. This is especially true in developing countries, where poverty limits those who can afford health care. Given the large quantity of research undertaken on vaccine development over a long period time (centuries), it is somewhat surprising that only a total of 31 vaccines are in use today. This is in part due to the long and complex road to the development of a vaccine. There are expectations not only that a vaccine will give long-term protective immunity from the infectious disease but also that it will be 100% safe, such that any side-effects due to immunization are unacceptable. Given these expectations, at the present time the process of vaccine development from discovery to licensure takes 18--20 years, and consequently is very expensive at approximately US\$ 500 million. In this chapter the routine immunization schedules and travelers' vaccines will be outlined, and how vaccines are implemented in the tropics is followed by a description of the vaccine development pathway and a discussion of vaccines in development.

Routine Immunizations {#s0015}
=====================

As in developed countries, there are routine immunizations given to children and adults in poor countries. The World Health Organization (WHO) has recommendations for vaccines for all age groups: childhood, adolescent, and adult immunizations ([Table 10.1](#t0010){ref-type="table"}, [Table 10.2](#t0015){ref-type="table"} ). This information is frequently updated as new vaccines become available, and detailed information on all vaccines is available.[@bib1] Many of the vaccines recommended by the WHO are the same as those used in developed countries, such as the United States,[@bib2] but there are some differences. For example, the WHO recommends BCG vaccine (bacillus Calmette-Guérin is a live attenuated vaccine against tuberculosis) for all children after birth and the live attenuated poliomyelitis vaccine for all children, but does not recommend the live attenuated chickenpox (varicella) vaccine, whereas the United States does not recommend BCG vaccine, utilizes the inactivated poliomyelitis vaccine, and has incorporated the varicella vaccine into the routine childhood immunization schedule.Table 10.1Recommended Routine Immunization -- Summary of World Health Organization Position PapersAntigenChildrenAdolescentsAdultsRecommendations for AllBCG1 doseDTP3 dosesBooster (Td)Booster (Td) in early adulthood or pregnancyBooster (DTP) 1--6 years of age*Haemophilus influenzae* type b3 doses, with DTPHepatitis B3--4 doses, with DTP3 doses (for high-risk groups if not previously immunized)HPV3 doses (girls)Pneumococcal (conjugate)3 doses, with DTPPolio (oral polio vaccine)3 doses, with DTPRotavirusRotarix vaccine: 2 doses with DTPRotaTeq vaccines: 3 doses with DTPMeasles2 dosesRecommendations for Certain RegionsJapanese encephalitisLive attenuated vaccine: 1 doseBooster after 1 yearMouse brain-derived vaccine: 2 dosesBooster after 1 year, then every 3 yearsMouse brain-derived vaccine Booster every 3 years up to 10--15 years of ageYellow fever1 dose, with measlesRecommendations for Some High-Risk PopulationsTyphoidVi vaccine: 1 dose; Ty21a vaccine: 3--4 dosesBooster dose 3--7 years after primary seriesCholeraDukoral (WC-rBs): 3 doses ≥ 2--5 years, booster every 6 months; 2 doses adults/children \> 6 years, booster every 2nd yearShanchol & mORCVAX: 2 doses ≥ 1 year, booster dose after 2 yearsMeningococcal (polysaccharide)1 doseHepatitis A2 dosesRabies3 dosesRecommendations for Immunization Programs with Certain CharacteristicsMumps2 doses, with measlesRubella1 dose1 dose (alternative strategy adolescent girls and child bearing age women)Influenza (inactivated)First vaccine use: 2 doses1 dose from 9 years of ageRevaccinate annually: 1 dose onlyRevaccinate annually[^1](Adapted from [http://www.who.int/immunization/policy/Immunization_routine_table1.pdf. Updated 9 June 2010](http://www.who.int/immunization/policy/Immunization_routine_table1.pdf).)Table 10.2Recommended Routine Immunizations for ChildrenAntigenAge at First DoseDoses in Primary SeriesInterval between DosesBooster DoseFirst to SecondSecond to ThirdThird to FourthRecommendations for All ChildrenBCGAs soon as possible after birth1DTP6 weeks (min.)34 weeks (min.)4 weeks (min.)1--6 years of age*Haemophilus influenzae* type b6 weeks (min.) with DTP1, 24 months (max.)34 weeks (min.) with DTP24 weeks (min.) with DTP3Hepatitis BOption 1As soon as possible after birth (\<24 hours)34 weeks (min.) with DTP14 weeks (min.) with DTP3Option 2As soon as possible after birth (\<24 hours)44 weeks (min.) with DTP14 weeks (min.) with DTP24 weeks (min.) with DTP3HPVQuadrivalent 9--13 years of ageBivalent 10--13 years of age3Quadrivalent -- 2 months (min. 4 weeks)Bivalent -- 1 month (max. 2.5 months)Quadrivalent: 4 months (min. 12 weeks)Bivalent -- 5 monthsPneumococcal (conjugate)6 weeks (min.) with DTP134 weeks (min.) with DTP24 weeks (min.) with DTP3Polio (oral polio vaccine)6 weeks (min.)34 weeks (min.) with DTP24 weeks (min.) with DTP3RotavirusRotarix6 weeks (min.) with DTP1, 15 weeks (max.)24 weeks (min.) with DTP2 no later than 32 weeks of ageRotaTeq6 weeks (min.) with DTP1, 15 weeks34 weeks (min.) -- 10 weeks with DTP24 weeks (min.) with DTP3 no later than 32 weeks of ageMeasles9--15 months (6 months min.)24 weeks (min.)Recommendations for Children Residing in Certain RegionsJapaneseencephalitisMouse brain-derived1 year24 weeks (min.)After 1 year and every 3 years up to 10--15 years of ageLive attenuated9--12 months1After 1 yearYellow fever9--12 months with measles1Recommendations for Children in Some High-Risk PopulationsTyphoidVi PS2 years (min.)1Every 3 yearsTy21aCapsules 5 years (min.)3 or 41 day1 day1 dayEvery 3--7 yearsCholera2 years (min.)27 days (min.)Meningococcal (polysaccharide)2 years (min.)1Hepatitis A1 year (min.)26--18 monthsRabiesAs required36 days14 daysEvery 5 yearsRecommendations for Children Receiving Vaccinations from Immunization Programs with Certain CharacteristicsMumps12--18 months with measles21 month (min.) to school entryRubella9--15 months with measles1Influenza (inactivated)6 months (min.)21 month[^2](Adapted from [http://www.who.int/immunization/policy/Immunization_routine_table2.pdf. Updated 9 June 2010](http://www.who.int/immunization/policy/Immunization_routine_table2.pdf).)

It should be emphasized that the WHO provides recommendations as not all vaccines will be required in all regions of the world. As indicated in [Table 10.1](#t0010){ref-type="table"}, [Table 10.2](#t0015){ref-type="table"}, there are a number of vaccines that are required only in certain areas of the world where the diseases are found; many of these vaccines are used for travelers who visit these areas from other parts of the world (see below). Examples would be yellow fever where the disease is found in tropical South America and sub-Saharan Africa but not Asia, whereas Japanese encephalitis is found in Asia but not Africa or South America. The objective is to aid decision-making of the most advantageous immunization schedules for health care providers in each region/country to prevent vaccine-preventable diseases and maintain lifelong immunity. In this situation health care providers include not only those who are responsible for administering the vaccine but also national decision-makers, immunization managers, regulatory authorities, and Ministers of Health. This process is not only important for public health officials but also it helps vaccine producers evaluate potential markets.

Vaccines for Travelers {#s0020}
======================

In the 21st century air travel makes it possible to reach any destination in the world within 24 hours. The WHO estimates that at any one time more than 500 000 persons are in aircraft. Travel vaccine portfolios are an important component for most vaccine producers, and travel medicine clinics are equally important as sites to provide the appropriate vaccines for travelers (see Chapter 126). The emphasis is on appropriate vaccines as it is important that individuals only receive vaccines for which there is demonstrable risk of the traveler being exposed to the natural disease. For example, individuals visiting Peru would want to receive yellow fever vaccine if they were visiting the jungle areas of Peru but would not want to receive the vaccine if they were visiting Lima, the capital of Peru, as this city is on the coast where the mosquito vectors that transmit the virus are not found. Similarly, intracountry travelers need to be considered for vaccination when they travel to different regions of a country. Public health agencies such as the United States Centers for Disease Control and Prevention have a website that is continually updated on recommendations of vaccines for travelers to different regions of the world.[@bib3]

Economics of Vaccine Development {#s0025}
================================

Given the cost to develop a vaccine, economic evaluation and viability are very important criteria and are based on who will pay for the vaccine and how much they are willing to pay. However, in reality, this decision-making process is more complicated as the number of people who might benefit from the vaccine, the population that is targeted for immunization, and the severity of the disease that will be prevented by immunization are all important points that need to be considered. Consequently, estimates of market need are then influenced by the quantity of vaccine that is needed, the shelf-life of the vaccine, and a predicted vaccine purchase price.

Until recent times, it has been considered that there are more individuals in a developing country who would benefit from a vaccine than in a developed country, but there may be fewer financial resources available to purchase the vaccine such that the market need may be perceived as insufficient to support the vaccine development. However, improvements in transportation have made it possible to travel rapidly to anywhere in the world and now infectious diseases are considered a world problem rather than a problem of individual countries. This opens doors for vaccine producers to have larger markets than previously thought, but this is matched by the need to work with multiple national regulatory authorities (NRAs).

Private--Public Partnerships {#s0030}
============================

Prevention of infectious diseases by immunization is advantageous due to both public health reasons and economics, and is thought to save at least 3 million lives each year. It is estimated that an additional US\$1 billion per year in immunizations would save 10 million more lives over the next decade.[@bib4] Until recently, market forces alone were insufficient to meet the health care priorities of resource-poor populations. However, the last 15 years have seen a marked change in vaccine development for diseases found in developing countries due to large-scale involvement of entities such as the WHO, Bill and Melinda Gates Foundation, Global Alliance for Vaccines and Immunization (GAVI), and the Program for Appropriate Technology in Health (PATH).

Global Alliance for Vaccines and Immunization {#s0035}
---------------------------------------------

GAVI[@bib5] is a private--public partnership of United Nations Children\'s Fund (UNICEF), Bill and Melinda Gates Foundation, WHO, and World Bank that started in 2000. The program is targeted at developing countries, and only those that are the poorest. In 2009, there were 72 GAVI-eligible countries, which include approximately half of the world\'s population; however, each country is assessed for each aspect of the program, and not all countries are eligible for all parts of the program.

The first phase was a 5-year plan (2000--2005) aimed at extending and improving the quality of immunization programs by two approaches: supplying new and underused vaccines and strengthening vaccine delivery systems. The former focused on *Haemophilus influenzae* type b (Hib), hepatitis B, and yellow fever vaccines, and the latter focused on implementation of disposable autodisable syringes to prevent reuse of syringes and associated equipment that have the potential to cause infections. The 5-year plan provided grants for supply of vaccines, with the expectation that countries would increase their national contribution, leading to subsequent financial sustainability.

The second phase is a 10-year plan (2006--2015) that is increasing the range of vaccines included in the program (pneumococcus and rotavirus), but has found that financial sustainability is a significant problem. GAVI has an accelerated development and implementation plan program for pneumococcal and rotaviral vaccines that aims to shorten the period between vaccines being proven safe and effective for use and their introduction in developing countries. In addition, the Hib initiative has been expanded into a pentavalent vaccine program where one immunization incorporates vaccines for five diseases (Hib, diphtheria, tetanus, pertussis, and hepatitis B). A vaccine investment strategy has been developed where the WHO provided a list of 18 diseases in 2007 to be considered for investment. From this list GAVI has selected four diseases for consideration of financial support (cervical cancer, Japanese encephalitis, rubella, and typhoid).

Access of developing countries to vaccines is a key component of GAVI, and this is being achieved via two financial initiatives. Advance market commitments (AMCs) are designed to stimulate the development and manufacture of vaccines specifically for developing countries. The pilot AMC is for a new vaccine to target pneumococcal disease (due to *Streptococcus pneumoniae*) with the aim of supporting up to 60 of the world\'s poorest countries to introduce pneumococcal vaccine by 2015. The second initiative is the International Finance Facility for Immunization that borrows on capital markets against donor countries' pledges and raises funds through bonds. This novel financial mechanism aims to provide US\$4 billion in funds between 2006 and 2015.

Program for Appropriate Technology in Health {#s0040}
--------------------------------------------

PATH[@bib6] originated in the 1970s and has expanded extensively in the last 30 years and considers itself "a catalyst for global health." It focuses on a number of areas to improve public health, including advancing technologies, strengthening systems, and encouraging healthy behaviors, and works in over 70 countries. One of the foci of PATH is vaccine development with projects on technologies to improve the safety, effectiveness, and efficiency of vaccine delivery in countries that are disproportionately affected by vaccine-preventable infectious diseases.

Supporting the design, development, scale-up, production, commercialization, and distribution of technologies solely through the public sector is clearly beyond available resources and not economically viable within the countries that need the vaccines. Thus, public--private collaborations are indispensable for investment in suitable technologies to further vaccine development in developing countries. PATH has developed and refined many approaches for identifying and advancing vaccine-related technologies, and works collaboratively in partnerships with vaccine and technology companies, public and private sector partners, research institutes, universities, other nongovernmental organizations, research consortia, and international agencies to further vaccine development. All of the above are key to advancing candidate vaccines to usage in the community and improving public health. Projects have included maintaining the cold chain and issues that impact vaccine delivery and effectiveness at point of use, such as bench and field testing, technology transfer, scale-up, licensing, and market and product introduction for a number of vaccines, including *Shigella*, enterotoxigenic *Escherichia coli*, rotavirus, Japanese encephalitis, pneumococcal disease, seasonal and pandemic influenza, and cervical cancer.

World Health Organization {#s0045}
-------------------------

The WHO has a number of programs that are focused on vaccines. Most are in the "Immunization, Vaccines, and Biologicals" program,[@bib7] whose mission is a "world in which all people at risk are protected against vaccine-preventable disease" and provides recommendations on policy, guidelines, and information on vaccines. Within WHO, the Strategic Advisory Group of Experts on Immunization was established in 1999 to be the principal advisory group for vaccines and immunization that makes the key recommendations on immunizations (including global policy, strategies, technology, research and development, vaccine delivery, and relationships to other health interventions) and reviews and endorses all immunization-related materials prior to publication. The Weekly Epidemiological Record[@bib8] is used to publish all WHO recommendations on immunizations, in French and English, with additional translations available in Arabic, Chinese, Russian, and Spanish. Currently, the WHO provides immunization policy recommendations on most components of vaccine implementation ([Box 10.1](#b0015){ref-type="boxed-text"} ), and 24 vaccine-preventable diseases ([Box 10.2](#b0020){ref-type="boxed-text"} ),[@bib9] and position papers are frequently updated.Box 10.1Components of Vaccine ImplementationProgram managementProcurementVaccine qualityCold-chain regimen and equipmentVaccine handlingOpen-vial policyEstablishing recommendations for vaccine use: universal and targeted vaccinationVaccine administrationContraindicationsAdverse events following immunization (AEFI) (also termed serious adverse events)Outbreak controlPostlicensure assessment of safety and efficacy (population studies)Waste managementImmunization coverageVaccine-preven disease surveillanceResearchCommunity outreach and education -- health professionals and publicCost-effectiveness*(Modified from*[www.who.int/immunization/policy/en/index.html](http://www.who.int/immunization/policy/en/index.html)*.)*Box 10.2Catalog of Available Immunization Policy RecommendationsBacillus Calmette-Guérin (BCG)CholeraDiphtheriaDiphtheria, tetanus, and pertussis (DTP)Hepatitis AHepatitis B*Haemophilus influenzae* type b (Hib)Human immunodeficiency virus (HIV)InfluenzaJapanese encephalitisMeaslesMeningococcal diseaseMeasles, mumps, and rubella (MMR)MumpsPertussisPneumococcal diseasePolioRabiesRotavirusRubellaTetanusTyphoidVaricellaYellow fever

Global Immunization Vision and Strategy (GIVS) {#s0050}
----------------------------------------------

GIVS was recently established by WHO and UNICEF as a global 10-year program (2006--2015) to enhance immunizations.[@bib10] The objectives are to immunize more people against more diseases, introduce newly available vaccines and technologies, manage immunization programs with respect to global relationships (i.e., implementation will depend on the specific needs of a country/region), and integrate immunizations with other health interventions. The overall goal is to reduce vaccine-preventable disease mortality and morbidity by two-thirds by 2015 compared to 2000.[@bib11] In its first few years this program has significantly increased routine immunization coverage, but the challenge will be to sustain immunization coverage in future years.

United Nations Prequalified Vaccines {#s0055}
------------------------------------

A very important issue for implementation of a vaccine is "prequalification." This refers to a service provided by the WHO to the United Nations for designating a vaccine from a particular producer as having suitable quality assurance (e.g., safety, efficacy, potency, thermostability) to be purchased by United Nations agencies. This process is very important as a particular vaccine may be manufactured by multiple producers in different countries, and a prequalification designation informs Ministries of Health and NRAs that a particular vaccine from a producer meets standards required for immunization. In addition, prequalified vaccines have a price negotiated between the producer and United Nations. This is advantageous for both producers (as they have a defined market) and countries (as they will know the price of the vaccine and whether or not they can afford to incorporate the vaccine in their immunization program).

As one would expect, not all vaccines manufactured by all producers are prequalified. At present 24 of the 55 worldwide vaccine producers have one or more prequalified vaccine products. Currently, WHO has prioritized the following 12 vaccines for prequalification in 2009--2010: (1) bivalent oral polio vaccine; (2) dengue vaccine; (3) diphtheria-tetanus-pertussis-hepatitis B-*Haemophilus influenzae* type b pentavalent vaccine; (4) inactivated poliovirus vaccine; (5) seasonal influenza vaccine; (6) measles and measles-containing combination vaccines; (7) meningococcus type A-containing conjugate vaccines; (8) monovalent polio vaccines; (9) pneumococcal vaccines; (10) rotavirus vaccine; (11) tetanus-diphtheria vaccine (for adults); and (12) yellow fever vaccine. Note that a dengue vaccine has not been licensed yet but is being included now as the process of prequalification has many steps. This list is updated annually.

Vaccine Safety {#s0060}
==============

Significant efforts have been made in the last 20 years by regulatory authorities and manufacturers to improve and ensure the safety of vaccines. Nonetheless, technologic advances and increasing knowledge about vaccines have led to investigations focused on the safety of current vaccines, which has an ever-increasingly important role on public confidence in immunization. While great efforts have been made in producing vaccines, they have little use if the target population will not have confidence to receive the vaccine. As a consequence, it is essential that concerns regarding vaccine-related adverse events are rapidly and effectively addressed in order to maintain confidence in a vaccine, and ultimately maintain immunization coverage and reduce disease incidence. Adverse events are defined as any undesirable experience associated with the use of a medical product in a patient. In particular, serious adverse events are the major concern. These are defined by the US Food and Drug Administration as adverse events involving death, life-threatening condition, hospitalization (initial or prolonged), disability, or congenital anomaly, or requiring intervention to prevent permanent impairment or damage. It was in this background that the WHO established the Global Advisory Committee on Vaccine Safety (GACVS) in 1999 to respond promptly, efficiently, and with scientific thoroughness to vaccine safety issues of potential global importance. The GACVS meets twice a year and publishes its discussions/recommendations in the WHO Weekly Epidemiological Record.

In 1999, the Brighton Collaboration[@bib12] was established. at a meeting in Brighton, UK, and was subsequently officially inaugurated in fall 2000. The Collaboration consists of volunteers from developed and developing countries with expertise in patient care and public health and members of scientific, pharmaceutical, regulatory, and professional organizations who are experts in the field of immunization safety and in corresponding medical specialties. The Collaboration aims to facilitate the development, evaluation, and dissemination of high-quality information about the safety of human vaccines.[@bib13]

Vaccine Development Pathway {#s0065}
===========================

Given that we have vaccines to control relatively few infectious diseases and the huge successes of current vaccines in controlling infectious diseases, there is an urgent need to develop more vaccines, but the process is not straightforward. The vaccine development pathway involves four distinct phases: (1) basic science/discovery; (2) preclinical development; (3) clinical research; and (4) postlicensure activities.

Basic Science/Discovery {#s0070}
-----------------------

Basic science discoveries are fundamental to the development of new vaccines. It is significant that many of the vaccines that are used today are due to discoveries made in universities (e.g., poliomyelitis, measles, and yellow fever) that were subsequently exploited by industry to produce the vaccine. Nearly all the current live attenuated vaccines were generated empirically before the advent of NRAs, and it is unlikely that many of the current vaccines we take for granted (e.g., smallpox, yellow fever, and BCG) would be approved in the modern era. Where it was not possible to generate live attenuated vaccines, the logical alternative was to take the wild-type organism and chemically inactivate it, and use it as a killed vaccine. While this process has been important in the development of vaccines against some important infectious diseases, killed vaccines suffer from the limitation that booster immunizations are required to maintain a protective immune response. The development of "genetic engineering" techniques revolutionized vaccine development, and the first recombinant subunit vaccine was the hepatitis B vaccine where the surface antigen (HBsAg) was expressed in yeast. Subsequently, many candidate vaccines have been developed or are in development using genetic engineering techniques, and these are described in detail for specific pathogens in the relevant chapters of this book.

The major objective of the discovery/basic science phase is to identify candidate antigen(s), i.e., the gene(s) (and protein(s) encoded) that induce an immune response (i.e., an antigen that is immunogenic is defined as an immunogen). Characterization of the candidate immunogens demonstrates the ability of the immunogen to stimulate a protective immune response in a small animal model. Clearly, development of a small-animal model that resembles the disease seen in humans is very important. The immunogen needs to be presented optimally to the immune system, and this may involve the development of a platform technology (e.g., vaccinia) to deliver the immunogen and/or adjuvants to enhance the immune response.

Preclinical Development {#s0075}
-----------------------

There is a considerable lag period between a discovery and its commercial exploitation. Following a successful basic science/discovery phase, a candidate vaccine moves to the preclinical development phase. Once the initial discovery has been made there is a need to carry out comprehensive characterization of the candidate vaccine before clinical research can be undertaken. This is somewhat easier for killed and subunit products than live vaccines where the attenuated phenotype has to be carefully documented and the potential of reversion thoroughly investigated. Once completed, generation of the prototype vaccine is a critical step in the development pathway. This step not only demonstrates the technical feasibility of producing the candidate vaccine but will start the process for meeting the regulatory requirements that will later be obligatory by NRAs for ultimate licensure.

Before entering clinical trials, candidate vaccines are tested to evaluate safety, immunogenicity, and, when possible, efficacy in animal models. Nonclinical safety assessment includes tests to determine the direct toxicity of the candidate vaccine and other components of the formulation, the lack of contaminants, impurities, and adventitious agents, and the potential of the vaccine directly or indirectly to trigger other preexisting conditions.[@bib14] In general, vaccine toxicology is assessed in single-dose and repeat-dose studies in two mammalian species, typically one rodent and one nonrodent (often a nonhuman primate). The vaccine is usually given by the route of administration planned for clinical use and tested at the maximum proposed human dose. The repeat-dose studies typically include one dose more than anticipated for use in humans. The repeat-dose studies are aimed at determining a dose where no adverse effect is observed. The toxicology assessments generally include mortality, clinical signs, food consumption, body weight, temperature, clinical chemistry, hematology, gross pathology, and histopathology. Depending on the constituents of the candidate vaccine, other specific tests may be required, such as potential of a live viral vaccine to establish a persistent infection, a DNA vaccine to integrate into the host genome, or additional genetic and reproductive toxicology studies for vaccines that will potentially be administered to pregnant women.[@bib15] Recent years have seen the development of new vaccine platforms, novel adjuvant systems, and unique delivery systems, and it is very likely that expanded safety testing will be required that is appropriate for the constituents and technology.[@bib16] As one would expect, the more detailed the studies, the longer it takes for a vaccine to reach licensure, and this explains in part the ever-increasing timeline for the vaccine development pathway.

Preclinical immunogenicity studies focus on the importance of understanding the protective immune response. They involve investigations of the ability of the candidate vaccine to induce humoral and/or cellular immune responses, and the innate immune response, in relevant animal models. In an ideal situation, a vaccine immunogen will stimulate both neutralizing antibodies and a cell-mediated immune response that will stimulate long-term memory CD8^+^ and CD4^+^ T cells. With preclinical immunogenicity studies the aim is to demonstrate a protective immune response in an animal model that can be translated to a protective immune response in humans, both qualitatively and quantitatively. We often know a lot about the immune response induced by vaccine immunogens in common small-animal models, such as mice, but this is currently not matched by our knowledge in humans, and in some situations the mouse immune response is not representative of that seen in humans. However, recent years have seen a substantial move from obtaining data in small-animal models to equivalent studies in higher animals and humans.[@bib17] Although these studies are very important in early preclinical development of a vaccine candidate, most are not undertaken under good laboratory practices or a comparable quality system and therefore have limited use for preclinical development towards licensure. Ultimately, the studies on the protective immune response will lead to the development of correlate(s) of protection. While the immune response is complex and many different parameters are measured, a correlate of protection has to be assessable by uniform assays. Candidate vaccines that reach studies in (nonhuman or human) primates are often referred to as being in "advanced development."

Clinical Research {#s0080}
-----------------

The prelicensure evaluation of vaccines in humans proceeds in a stepwise manner through an increasingly complex series of clinical trials. The first studies, referred to as phase I trials, are safety and immunogenicity studies performed in a small number of closely monitored healthy volunteers, normally young adults. These are generally short-term studies that may examine a range of vaccine dosages. The study design may be uncontrolled open-label or more often are randomized, double-blind, placebo-controlled. Inclusion of a placebo group is important in assessing adverse events that may occur during the trial. As stated above, there is an expectation that all vaccines will be 100% safe with no adverse events associated with immunization. Phase I clinical trials follow a similar approach for nearly all vaccines. Phase II studies involve larger numbers of healthy volunteers, possibly volunteers at risk for the target disease. The design may examine optimum dosage and dosing regimen and focus on safety and immunogenicity, and some efficacy data may be collected. These larger sample sizes provide greater power to detect less common adverse events. Phase II trials are randomized, blinded, and placebo-controlled. Phase III trials may enroll hundreds to thousands of individuals depending on the prevalence of the target disease. Generally thousands of volunteers are included in phase III trials in order to assess for rare adverse events. The phase III trials must be randomized, double-blinded, and placebo-controlled. For tropical diseases, the ability to undertake efficacy studies depends on the prevalence of the disease and the capacity to have strong epidemiologic data on incidence in areas where clinical trials will be undertaken. For some diseases, such as diarrheal diseases, this is relatively straightforward, while for other diseases, such as Ebola hemorrhagic fever, this is more difficult as the disease does not occur reproducibly over periods of time, the geographic location varies, and the relative numbers of cases are small.

Following successful completion of the clinical trials program, the next step in the vaccine development pathway is submission of a biologics license application (BLA) or the equivalent to the NRA.[@bib18] This includes product labeling, which should permit health care providers to understand the vaccine\'s proper use, its potential risks and benefits, information to be conveyed to patients and parents, and how to deliver the vaccine safely. Because the safety of a vaccine may not be apparent until it is used widely in the population, approval of the new product may be contingent upon undertaking postmarketing studies, also referred to as phase IV studies. It should be noted that, in the United States, phase III clinical studies to provide data on safety in a statistically significant population size need to be completed before the application for a BLA, whereas, in Europe, phase III studies may be undertaken after the vaccine has been approved as postmarketing safety studies.

National Regulatory Authorities {#s0085}
===============================

NRAs and national control laboratories (NCLs) play a critical role in the vaccine development process as these entities will ultimately set the conditions for regulation, licensure, surveillance, and control of a vaccine in each country. The NRA ensures that the quality, manufacturing, storage, distribution, dispensing, efficacy, and safety of a vaccine are all appropriate for a particular vaccine product. The emphasis is often on consistency such that every lot of vaccine meets the same standards. The NCLs provide vaccine reference preparations, including antigen and antibody standards and other materials, for ensuring consistency in vaccines. These standards normally have defined biological activity expressed in international units so that vaccines manufactured by different producers in different countries can be compared and standardized. The NRAs and NCLs are critical as currently 55 countries have vaccine manufacturers, and there are at least 76 NRAs. The challenge for NRAs is to keep up with the continuing improvements in science and technology associated with the entire process of vaccine development.

With advances in vaccine development comes increased complexity, and this has resulted in the steady increase in requirements for each vaccine before licensure is approved. This is readily seen in the United States with the Food and Drug Administration and in Europe with the European Medicines Agency, but is also true of all NRAs. Due to the expanding global nature of the vaccine industry, multiple NRAs and rules present increasing challenges to the development and implementation of new vaccines. To address this growing problem, regulatory agencies and manufacturers in the United States, Europe, and Japan established the International Conference on Harmonization.[@bib19] This is complemented by the WHO, which has the Global Training Network on Vaccine Quality that was established in 1996 with the aim of improving vaccine quality practices. In addition, the WHO Expert Committee on Biological Standardization consults and provides consensus views on important regulatory issues and provides guidance documents for use by NRAs and industry. These are published as Technical Report Series.[@bib20] Another important consideration is that vaccines for tropical diseases require clinical trials to be undertaken in countries where the diseases are found while the vaccine may be manufactured in a different country. Thus, each NRA has a critical role in vaccine development. With this in mind, the Developing Countries Vaccine Regulators Network has been established to share the experiences of multiple countries and facilitate licensure of vaccines.

Vaccine Development -- Priority Diseases {#s0090}
========================================

In addition to information on currently available vaccines, the WHO plays a very active role in vaccine development with respect to the future implementation of vaccines in advanced development. The WHO has identified 68 diseases where vaccines can reduce the morbidity and/or mortality ([Table 10.3](#t0020){ref-type="table"} ). This is a large list and includes diseases where no commercial vaccines exist and vaccines that are already available but are not utilized to maximum effect in poor countries. The WHO has vaccine position papers on 21 of these diseases and agents (tuberculosis, cholera, diphtheria, Hib, hepatitis A, human papillomavirus, influenza, Japanese encephalitis, measles, meningococcal disease, mumps, pertussis, pneumococcus, polio, rabies, rotavirus, rubella, tetanus, typhoid, varicella, and yellow fever).Table 10.3Diseases for Vaccine Research and DevelopmentBacterial diseases-Buruli ulcer *(Mycobacterium ulcerans)*-**Diphtheria**-Group A *Streptococcus*-associated diseases-Group B *Streptococcus*-associated diseases-***Neisseria meningitidis*** meningitis (groups **A**, B, **C, Y, W-135**)-**Pertussis**-*Staphylococcus aureus*-associated diseases-Gastric cancer (*Helicobacter pylori*)-**Tetanus**-TrachomaEnteric diseases-Norovirus-associated diarrhea-*Campylobacter* diarrhea-**Cholera**-Enterotoxigenic *Escherichia coli* (ETEC) diarrhea-**Rotavirus** diarrhea-Shigellosis-**Typhoid** feverHepatitis-**Hepatitis A**-**Hepatitis B**-Hepatitis C-Hepatitis EParasitic diseases-Amebiasis-Hookworm disease-Leishmaniasis-Malaria (pre-erythrocyte, blood, and sexual stages)-SchistosomiasisRespiratory diseases-***Haemophilus influenzae B*** pneumonia and invasive disease-**Influenza**-**Measles**-**Mumps**-Parainfluenza-associated pneumonia (PIV-3)-**Pertussis**-Respiratory syncytial virus (RSV) pneumonia-Severe acute respiratory syndrome (SARS)-***Streptococcus pneumoniae*** pneumonia and invasive disease-**Tuberculosis**Sexually transmitted diseases-Cervical cancer (**human papillomavirus**)-*Chlamydia trachomatis-*associated genital diseases-Gonorrhea-Herpes simplex type 2 genital ulcers-HIV/AIDSVector-borne viral diseases-Dengue-**Japanese encephalitis**-**Tick-borne encephalitis**-West Nile virus-associated disease-**Yellow fever**Cancer-related diseases-Cervical cancer (**human papillomavirus**) (see sexually transmitted diseases, above)-Gastric cancer (*Helicobacter pylori*)-Liver cancer (**hepatitis B**)-Liver cancer (hepatitis C)-Nasopharyngeal cancer (Epstein--Barr virus)Zoonotic diseases-Anthrax-Crimean-Congo hemorrhagic fever-Ebola hemorrhagic fever-Hepatitis E diarrhea-Lassa fever-Leishmaniasis-Leptospirosis-Lyme disease-Marburg hemorrhagic fever-Plague-**Rabies**-Rift Valley fever-TularemiaOther viral diseases-**Mumps**-**Poliomyelitis**-**Rubella**-**Smallpox**[^3][^4][^5](Modified from [www.who.int/vaccine_research/diseases/portfolio/en/index.html](http://www.who.int/vaccine_research/diseases/portfolio/en/index.html).)

There are 24 diseases for which vaccine development is a priority, either as improved vaccines or as new vaccines ([Box 10.3](#b0025){ref-type="boxed-text"} ). For some of these diseases we already have vaccines (e.g., rabies and Japanese encephalitis), but the current vaccines are not affordable or cannot be manufactured at the large numbers of doses required for mass immunization campaigns. For other diseases, there are no vaccines currently available (e.g., respiratory syncytial virus), or there are vaccine candidates available that need further clinical development (e.g., malaria).Box 10.3Priority Areas for Research and Development of New VaccinesDiarrheal diseasesAcute respiratory infectionsCaliciviruses*Campylobacter*CholeraDengueEnterotoxigenic *Escherichia coli* (ETEC)*Haemophilus influenzae*Human immunodeficiency virus (HIV)Human papillomavirusInfluenzaJapanese encephalitisMalariaMeaslesMeningococcal vaccinesParainfluenza*Streptococcus pneumoniae*RabiesRotavirusRespiratory syncytial virus (RSV)Severe acute respiratory syndrome (SARS)*Shigella*TuberculosisTyphoid

The Future {#s0095}
==========

A combination of scientific, technologic, and economic advances in the last 30 years is leading to a very optimistic future for vaccines for tropical diseases. However, these are mostly based on candidate vaccines that are already in at least advanced-stage preclinical development. Major challenges remain for a number of infectious diseases where our understanding of an immunogen that induces protective immunity is very limited or the agent has evolved mechanisms of overcoming the host immune response. Many of these diseases are found in tropical countries, and new advances are needed in discovery/basic science to generate appropriate immunogens for development as candidate vaccines.

[^1]: BCG, bacillus Calmette-Guérin; DTP, diphtheria, tetanus, pertussis; Td, tetanus, diphtheria; HPV, human papillomavirus.

[^2]: BCG, bacillus Calmette-Guérin; DTP, diphtheria, tetanus, pertussis; Td, tetanus, diphtheria; HPV, human papillomavirus.

[^3]: HIV/AIDS, human immunodeficiency virus/acquired immunodeficiency syndrome.

[^4]: Diseases in **bold** have vaccines commercially available.

[^5]: Experimental vaccines are available for diseases shown in *italic* as investigational new drugs (INDs).
